Adherence of Plasmodium fduipanun-infected RBCs (PRBC) to endothelial cells causes PRBC sequestration in cerebral microvessels and is considered to be a major contributor to the pathogenesis of cerebral malaria. Both CD36 and thrombospondin (TSP) are glycoproteins that mediate PRBC adherence to endothelial cells in vitro. Because they are both expressed on the surface of endothelial cells, they probably contribute to PRBC sequestration and vascular occlusion in vivo. By applying affinity labeling of receptor binding sites 1419 1420 NAKAMURA, HASLER, MOREHEAD, HOWARD, AIKAWA that the PRBC receptor(s) for CD36 and TSP is localized specifically to the knob protrusions.
Introduction
and thrombospondin (TSP) are glycoproteins that are involved in in vitro adherence of parasite-infected red blood cells (PRBC) to human platelets, monocytes, and endothelial cells (1). They were originally described in platelets and are considered to participate in signal transduction and cell attachment (2, 3) . In malaria pathology, they are likely to play an important role in the sequestration of PRBC in cerebral microvessels in falciparum malaria and consequent development of cerebral malaria (1, (4) (5) (6) (7) , since (a) both are expressed on the surface of human endothelial cells, (b) specific antibodies against both CD36 and TSP inhibit PRBC cytoadherence in vitro (8-ll) , and (c) PRBC bind to immobilized CD36 and TSP in vitro (8,lO) .
The knobs that appear on the surface of mature PRBC represent a protrusion of the PRBC membrane and cytoskeleton with submembrane electron-dense material (12) . Several investigators have suggested that knobs are the specific attachment points of PRBC to host endothelial cells because (a) they are absent from RBC infected with the immature ring stage of E! filccipancnt that does not sequester in vessels or in vitro, (b) all wild isolates of E! filccipamm that exhibit cytoadherence in vivo are knob-positive (13) , and (c) based on the morphological observations by electron microscopy, PRBC attachment to endothelial cells seems to occur at knob protrusions of the PRBC surface membrane in ex vivo and in vitro samples (15) , as well as in clinical samples from cerebral malaria patients (5, 6, 16) .
Several proteins synthesized by the intraerythrocytic malaria parasite are exported and expressed at the PRBC surface membrane, including several submembrane constituents at the knob protrusions and another, called PfEMP1, on the PRBC surface (7.13). These proteins may include structural components of knobs as well as receptors for CD36 and TSP. There has been no direct evidence, however, for expression of the PRBC receptor(s) for CD36 and TSP at knobs and whether the receptor(s) is restricted to the PRBC surface at knobs.
Affinity labeling of receptor binding sites with purified ligands is an effective tool for demonstrating the expression of sites of receptor molecules and their distribution on cell surfaces. We applied this method with specific anti-CD36 and anti-TSP antibodies and gold-labeled secondary antibody to clearly demonstrate binding of CD36 and TSP to the PRBC surface. We show for the first time
Materials and Methods
Cells and Parasites. C32 melanoma cells were cultured in RPMI 1640 supplemented with 10% FBS. The 7G8 clone of I! fdccipumm (17) was cultured with Group 0 human RBC in RPMI 1640 supplemented with 10% human serum. Ring stage parasites of the Malayan Camp strain of I! &Lcipumm in Aotus monkey-infected PRBC were thawed from cryopreserved stocks and cultured overnight in the same medium.
Purification of CD36 and TSP. CD36 was purified from frozen human platelets according to a published procedure (l8), and TSP was purified from fresh human platelets (19) . Analysis of our TSP and CD36 preparations by SDS-PAGE and silver staining showed no cross-contamination of these proteins (data not shown).
Human plasma fibronectin and specific rabbit polyclonal antibody against fibronectin were kind gifts of Drs. Culp and Perry, respectively, at CWRU. Human plasma albumin and rabbit polyclonal antibody against albumin were purchased from Sigma (St Louis, MO).
Antibodies. Partially purified CD36 was taken after the Q-Sepharose FF steps of the purification protocol (18) . starting from 10 units of frozen platelets, and submitted to SDS-PAGE on preparative 12% acrylamide gels under reducing conditions. The CD36 band was excised after staining with 4 M sodium acetate (20) . The material was divided into six aliquots which were homogenized with Freund's adjuvant and used to immunize two rabbits at Time 0 (FCA), 3 weeks (FIA), and 5 weeks (FIA). Day 84 serum from the rabbit with the higher anti-CD36 ELISA titer of the twu immunized (RbZ84) was applied to protein A-Sepharose (Pharmacia-LKB Piscataway, NJ) and the IgG fraction purified for these experiments.
TSP was purified from 10 units of fresh platelets (19) by sequential column chromotography steps. Two rabbits were immunized with 0.4 mg of TSP per immunization (diluted in 0.1 ml PBS and emulsified in an equal volume of Freund's adjuvant), using the same schedule as for CD36. Immune serum IgG was similarly purified from serum of the animal with the highest anti-TSP ELISA titer. Mouse IgGi monoclonal antibodies OKM5 and OKM8 were generous gifts of Dr. P. Rao (Ortho Pharmaceuticals; Raritan, NJ). The properties of these monoclonal antibodies against CD36 have been described (21) . Gold-conjugated secondary antibodies were obtained from Amersham (Poole, UK).
Affhity Labeling of CD36 and TSP. PRBC of clone 7G8 in human RBC or Malayan Camp strain in AO~UJ RBC were mixed with purified CD36 (8 pglml) or TSP (16 pglml) in RPMI 1640 without human serum and incubated for 1 hr at room temperature. Samples were washed by one centrifugation through a Percoll cushion at 4'C and fixed with 1% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M phosphate buffer for 30 min. After washing twice, samples were re-suspended in PBS containing 1% BSA, incubated with the antibodies against CD36 or TSP for 1 hr at room temperature (1:20), then washed and incubated with 15-nm gold-conjugated goat anti-rabbit IgG or goat anti-mouse IgG (1:20, Amersham). Immunostained samples were fixed with 2.5% glutaraldehyde again and embedded in Epon after being post-fixed with 1% Os04 and stained en bloc with 2 % uranyl acetate. Thin sections were cut, stained with uranyl acetate and lead citrate, and observed with a Zciss CEM 902 electron microscope. Control experiments were performed without addition of purified CD36 and TSP.
With 7G8 parasites we performed additional controls in which PRBC were inoculated with human plasma fibronectin (20 pglml) or human albumin (10 pglml) and adherence of these proteins to the PRBC surface was tested by subsequent inoculations with specific anti-fibronectin or antialbumin antibodies, f o b " by gold-conjugated goat anti-rabbit antibodies.
Transmission electron microscopy. C32 cells and PRBC were mixed for 1.5 hr in RPMI 1640 at 37°C. Cells were washed carefully with RPMI 1640 and fixed with 2.5% glutaraldehyde and 4% paraformaldehyde for 30 min. Samples were then post-fixed with 1% os04 and stained en bloc with 2% uranyl acetate. After dehydration through a series of ethanol, samples were embedded in Epon, thin-sectioned, double stained with uranyl acetate and lead citrate, and observed with a JEOL 100 CX electron microscope.
Statistics. The number of gold particles was counted in micrographs of 12,000-33.000 magnification and was statistically analyzed by Student's t-test.
Results

Transmission Electron Microscopic Observation
The 7G8 clone of l? facGipancm attached to C32 melanoma cells in vitro via the knobs (Figure 1 ). The Malayan Camp strain parasites passaged in spleen-intact Aotus monkeys also adhered to C32 cells in vitro (22) .
Aflinity Labeling of CD3 6
Affinity labeling of PRBC with CD36 showed gold particles associated specifically with the knob region but not with the surface membrane between knobs ( Figure 2 ). The gold particles were usually on the top of the knobs. Identical results were obtained with in vitro culture-adapted parasites in human erythrocytes (clone 7G8) and Aotus monkey-infected erythrocytes (Malayan Camp strain I! faccipanrm). The results with rabbit polyclonal anti-CD36 antibodies were identical to those using a mixture of the two anti-CD36 monoclonal antibodies OKM5 and 0-8.
The number of gold particles on knobs of each PRBC (1.4 * 1.2) was significantly larger (p <0.05) than those between knobs (0.3 2 0.5). A control experiment without addition of purified CD36 revealed few attached gold particles on the knobs (0.4 * 0.7). The ratio of gold particles on PRBC to those on uninfected RBC was 16.7 after treatment with CD36, anti-CD36 antibody (rabbit polyclonal), and gold-conjugated secondary antibody.
Aflinity Labeling of TSP
After affinity labeling with TSP, gold particles were observed mainly on the knobs (Figure 3) . Again, the results with 7G8 PRBC (human erythrocytes) were identical to those with the Aotus monkeyinfected cells.
The number of gold particles on knobs in each PRBC (1.3 f 0.7) was significantly higher (p <0.05) than those between knobs (0.1 * 0.3). In the control experiment in which TSP was omitted, few gold particles were present on the knobs (0.3 2 0.5). The ratio of gold particles on PRBC to those on uninfected RBC was 11.1 after treatment with TSP, anti-TSP antibody, and gold-conjugated secondary antibody. Table 1 summarizes the number of gold particles observed on knobs or between knobs of clone 7G8 PRBC, as well as on uninfected RBC.
In controls using fibronectin or albumin, gold particles on knobs were few and the ratio of gold particles on the knobs to those not on the knobs was 0.25 for fibronectin and 0.21 for albumin. 
Discussion
and fluorescence or radioactivity measurement . '251-labeled CD36 was shown to bind specifically to PRBC capable of in vitro adherence (9) . Previous efforts to identify a significant level of specific adherence of [ '2sI]-TSP to PRBC failed U.A. Sherwood and RJ. Howard, unpublished results), probably owing to use of a multistep washing procedure to remove unbound protein and relatively low affinity binding. To demonstrate specific binding of TSP and CD36 to PRBC, we modified the washing procedure, employing a single wash through Percoll to remove unbound protein. The cells were then fixed to prevent dissociation of the bound proteins. The bound TSP or CD36 was detected by sequential incubation with specific rabbit polyclonal antibodies or monoclonal antibodies, O m 5 and OKM8, and gold-conjugated goat anti-rabbit IgG. With this protocol we could detect the presence of bound TSP or CD36 on PRBC and could also localize the distribution of PRBC receptor(s) for these proteins in the altered PRBC membrane.
In view of evidence for binding of TSP to CD36 (23) . it could be argued (4) that adherence of PRBC to immobilized TSP (10,ll) is mediated by a bridge of CD36 bound to the PRBC surface. Alternatively, PRBC adherence to immobilized CD36 (8.9) could be mediated by a bridge of TSP bound to the PRBC surface. Since TSP is a soluble component ofplasma (24) and is released as a soluble protein from activated platelets (25) . it is conceivable that all mature PRBC derived from in vitro culture in the presence of serum are coated with adsorbed TSP. However, without addition of exogenous TSP or CD36 to the PRBC we saw a significantly smaller reactivity of the anti-TSP and antLCD36 antibodies with the surface of PRBC. We conclude that TSP and CD36 can both bind independently and directly to the surface of PRBC and that receptor(s) for both of these proteins must be expressed on PRBC.
All wild isolates of P fifciparum that cytoadhere in vitro are knob-positive to date (13) . Since the PRBC receptor(s) for both CD36 and TSP are localized around the knobs, these structures are therefore important for the localization of cytoadherence proteins. Human serum antibodies collected after cure of acute I! fifciparum infections react in micro-agglutination and indirect immunofluorescence tests with the surface of PRBC collected from the same patient (26) . These IgG antibodies define an isolate-specific cell surface antigen(s). We have recently shown by immunoelectron microscopy, using rabbit anti-human Fc antibody and protein A-gold to detect bound human IgG antibodies, that the isolate-specific antigen(s) is located exclusively at the knob protrusions (27) . The pattern of isolate-specific surface antigen expression (27) was therefore identical to that of the PRBC TSP and CD36 receptor studied Functional receptor molecules involved in cell attachment processes have been identified using appropriately labeled soluble ligands here, and may indicate that the isolate-specific surface antigen and the CD36 and TSP receptors are on the same surface molecule. 
3.3
All samples were treated finally with goat anti-rabbit IgG antibody conjugated to 1S-nm gold particles n. number of cells examined.
